Introduction
Anti-tumor necrosis factor-alpha (Anti-TNF) agents have permanently modified the landscape of therapeutic options in inflammatory bowel disease (IBD).
These large, monoclonal antibodies against TNF are potentially immunogenic, and several clinical and observational trials have demonstrated that resultant antibody formation against these medications has significant consequences both for drug pharmacokinetics and safety. In this article, we review the available data from clinical and observational trials on the impact of antibodies against anti-TNF agents, the effect of varying serum drug levels of these agents, and the potential clinical applicability of measuring antibodies against anti-TNFs and drug levels in those that have lost response.
Crohn's disease (CD) and ulcerative colitis (UC), the two main subtypes of inflammatory bowel disease (IBD), have been demonstrated to have an overly active immune response to the gut enteric flora, culminating in bowel inflammation and ulceration. Patients with IBD often experience abdominal pain and diarrhea, and are at an increased risk for malabsorptive syndromes, intestinal resection or colectomy, and colorectal cancer. On a societal level, these diseases are responsible for a significant health and economic burden.
Traditional IBD therapies have focused on modulation of the inflammatory response using topical therapies such as 5-aminosalicylates and immunomodulators such as azathioprine, 6-mercaptopurine, and more recently, methotrexate. Despite these agents' utility, the majority of patients with moderate to severe disease require further therapy.
The development of a class of medications targeting tumor necrosis factor -α (TNF-α), a key cytokine involved in the aggressive immune response in IBD, has yielded new therapeutic options for patients with moderate to severe CD and UC. Infliximab, a chimeric IgG molecule consisting of a human Fab' fragment combined with a murine Fc fragment, was the first of these agents to be assessed in IBD, demonstrating clinical efficacy in inducing and maintaining remission in both CD and UC. Infliximab has been shown to be beneficial in the management of fistulizing disease and appears to be effective in early studies in preventing post-operative recurrence. Adalimumab, a completely humanized IgG molecule, has similarly been approved for use in both CD and UC, demonstrating efficacy in treating both of these diseases. One advantage of this agent is its subcutaneous mode of delivery, whereas infliximab is delivered via IV infusion. A third agent, certolizumab pegol, which is a pegylated human Fab' fragment, is only approved for use in CD. It is currently being assessed for efficacy in UC.
The availability of these agents has resulted in a major paradigm shift in the management of moderate to severe IBD. The previous therapeutic standard of increasing the level of immunosuppression with disease progression is being supplanted by more aggressive early therapy with a combination of both a biologic agent and an immunomodulator in an effort to modify the overall course of IBD, particularly in those patients who have characteristics of aggressive disease. Several studies have shown that patients have higher rates of remission and response when using biologic agents compared to immunomodulators, and that the combination of these agents provides even greater benefit [1-3].
Loss of response and antibodies to anti-TNF agents
While the advent of biologic therapy has brought significant benefit to a large percentage of patients with IBD, there remain a significant proportion of patients that lose response over time (termed secondary loss of response). This has been demonstrated in the clinical trials of maintenance therapy for infliximab, adalimumab, certolizumab, and combination therapy [4] [5] [6] . The underlying etiology for loss of response to anti-TNF agents is incompletely understood. Two primary mechanisms that have been hypothesized in the case of infliximab are the formation of antibodies to infliximab (ATIs), and fluctuations in circulating drug levels brought about by altered drug clearance. These mechanisms are also thought to play a significant role in the loss of response for other anti-TNF agents as well.
Antibodies to infliximab (ATIs) have been a recognized entity since the initial use of this agent in humans. The structure of the monoclonal anti-TNF antibodies lends to their immunogenicity. Infliximab, adalimumab, and certolizumab are large antibodies or antibody fragments, and can be readily processed via phagocytosis to stimulate antibody formation [7, 8] . As previously noted, infliximab is a chimeric antibody consisting of both murine and human components. It was initially felt that the murine component of this molecule contributed significantly to its immunogenicity. Adalimumab was designed in an attempt to reduce immunogenicity by completely humanizing the antibody. It is not surprising that this large molecule has been shown to stimulate antibody formation in clinical trials as well [4, 9, 10] . Certolizumab has demonstrated the ability to stimulate antibody formation in spite of its pegylated formulation, with 8 % of patients receiving the drug developing antibodies to certolizumab (ATCs) in the PRECISE 1 trial [11] . This rate of antibody formation increased to 17.1 % in longitudinal use if there was any interruption in scheduled dosing [6] .
Antibodies formed against infliximab and antibodies to adalimumab (ATAs) can be of any of the immunoglobulin subtypes, and can bind several sites on the monoclonal antibody, including the TNF binding site of the molecule, thus inactivating the molecule. There are several potential epitopes for antibody formation, allowing for antibodies directed at different components of the TNF molecule [12] . The Fab fragment appears to be the favored site compared to the Fc region. Regardless of binding site, ATI-infliximab complexes are inherently larger than infliximab alone. Even without direct inactivation, ATIs appear to increase the clearance rate of infliximab [13, 14] . It is important to note, however, that early pharmacokinetic studies have typically been conducted using ELISA-based assays to measure fluctuations in drug levels. These assays may not fully describe the pharmacokinetics of infliximab in the presence of ATIs, and further research is required [13, 14] .
There have been several recent advances in the methods used to measure anti-TNF antibodies in patients receiving these agents (Table 1) . The most commonly used assay to measure ATIs is the solid-phase, or sandwich, enzyme-linked immunosorbent assay (ELISA) [7] . In this assay, the patient's serum is added to wells on a plate that have been coated with infliximab. Labeled infliximab is then added to these wells after washing, which binds to another branch of the ATI molecule, allowing for detection the antibodies [7] . While this assay is commonly utilized due to its simplicity, it has several known shortcomings, including false positives due to binding of other serum immunoglobulins not specific to anti-TNF and sensitivity to levels of infliximab in the blood [8, 15] .
The fluid-phase radioimmunoassay, or RIA, has several advantages over the solid-phase ELISA assay. To perform the RIA, serum samples are incubated with soluble, labeled antigen. An additional anti-Fc antibody is then added, and the complex of ATI-radiolabelled antigen and anti-Fc is precipitated out in centrifugation for measurement [16] . This assay is not inhibited by the presence of infliximab in the serum, and can measure ATIs in its presence. Furthermore, it can also measure free infliximab levels in the presence of ATIs [17] . The major drawback of this assay is the use of radiolabelled markers [8] .
Another recently developed assay employs high-pressure liquid chromatography (HPLC), and is called the HPLC-mobility shift assay (HMSA).
This liquid-phase assay has the advantage of an additional dissolution phase that can free drugs from antibodies. After this step, serum samples are mixed with fluorescent-labeled infliximab to measure antibodies, or fluorescentlabeled TNF to measure infliximab. Concentrations are measured via HPLC [18] . This assay is not sensitive to interference by other antibodies, possesses increased sensitivity compared to ELISA, and can measure all subtypes of immunoglobulins to infliximab. It also does not require the radioactive component used in RIA.
An additional new assay to detect anti-TNF drug levels and antibodies was recently developed using electrochemiluminescence as well. This solid-phase assay is capable of determining both drug levels and ATIs, and can measure the presence of ATIs in the presence of infliximab. The presence of ATIs does interfere with the ability of this assay to measure drug levels accurately, however, and this new assay has not yet been validated in comparison to the RIA, HMSA, or ELISA assays [19] .
Factors associated with ATI formation
Several studies have assessed the incidence and impact of ATIs in clinical care ( Table 2 ). Two key factors that appear to increase the incidence of ATIs are dosing frequency and concomitant use of immunosuppression. With respect to dosing frequency, there appears to be a clear correlation between episodic dosing and the development of ATIs. Two studies assessing the efficacy of infliximab in refractory and fistulizing CD using initial loading doses followed by episodic therapy demonstrated ATI rates from 36 to 61 % and between 42 and 75 %, respectively, among those not receiving additional immunosuppression [20, 21] . Similarly, Vermeire and colleagues appreciated an ATI incidence of 73 % in a cohort of individuals with refractory and fistulizing CD receiving episodic therapy; the ATI rate decreased to 44-48 % when concomitant immunomodulators • Not yet validated for use with infliximab, relatively new assay • No radioactive components were used [22] . These rates are much higher than those seen in trials using scheduled dosing of infliximab. In the ACCENT 1 trial, all patients received an initial induction dose of infliximab, and responders were randomized to maintenance therapy or placebo. ATI rates among those receiving scheduled dosing ranged between 6-10 % in this study and subsequent subgroup analysis [5, 23] . ATI rates were higher in those randomized to placebo after induction, ranging from 28-30 %. Rates were lower among those receiving immunosuppression compared to those who did not. Similar results were appreciated by Maser and colleagues, who compared the efficacy of episodic to scheduled dosing in a prospective cohort with a median of 88 weeks of follow-up [24] . In this study, 21 % of patients developed ATIs; when stratified by dosing schedule, those receiving episodic therapy had an ATI incidence of 39 % compared to 16 % in those who received regularly scheduled dosing (pG0.05). Similarly lower rates of ATIs were appreciated in the ACT I and ACT II trials of moderate to severe UC, which utilized induction dosing followed by scheduled maintenance therapy, with ATI rates of 6.1 to 6.4 % [25] . Based on the data from these trials, it is clear that episodic dosing increases the risk of ATI formation.
Another factor that impacts the incidence of antibodies is concomitant immunosuppressant use such as 6-mercaptopurine, azathioprine, or methotrexate. Baert et al. appreciated an ATI formation in 75 % of those without concomitant immunosuppression, compared to 43 % in those taking azathioprine, 6MP, or methotrexate (pG0.001) [20] . Farrell et al. also appreciated this difference, with 63 % of those not receiving immunosuppressants developing ATIs compared to 24 % on additional agents (p=0.007) [21] . Vermeire et al. appreciated an ATI incidence of 73 % in those on infliximab monotherapy, compared to 42-48 % on combination therapy [22] . Similar results have been appreciated in scheduled therapy. Colombel noted ATI formation in 14.6 % of patients using infliximab monotherapy compared to 0.9 % of those receiving combination therapy in the SONIC trial, which assessed the efficacy of combination therapy compared to monotherapy with either infliximab or azathioprine) [1] . Decreased ATIs were also appreciated in the ACCENT I trial [5] . Similar results were reported by Van Assche, and have been seen in UC trials [25, 26] .
Combination therapy with immunomodulators has been shown to inhibit anti-TNF antibody formation in clinical trials for both adalimumab and certolizumab (Table 2 ). In the Clinical Assessment of Adalimumab Safety and Efficacy Studied as Induction Therapy in Crohn's Disease trial, or CLASSIC II trial of maintenance adalimumab, 3.8 % of patients not on additional immunosuppressants developed ATAs, compared to none of those who did receive concomitant immunosuppressants [4] . Similar results were appreciated in the Ulcerative Colitis Long-Term Remission and maintenance with Adalimumab 2, or ULTRA2, trial, with 2.9 % of patients developing ATAs, all of who were on monotherapy [27] . Similarly, in a clinical trial of maintenance therapy with certolizumab pegol in Crohn's Disease, 12 % of patients on monotherapy developed ATCs compared to 2 % who were receiving combination therapy [6] . • Overall: 14 %
• NA
• Total of 38 % of ATI + patients had transfusion reaction, compared to 24 % of ATIpatients.
• Modified with permission from Lichtenstein et al. [8] .
Clinical impact of antibodies to anti-TNF agents
The clinical impact of ATIs in clinical trials has been inconsistent. In the episodic treatment study by Baert et al., ATI concentrations 98 μg/mL predicted a shorter duration of response compared to those who had lower levels of ATIs [20] . This was also reported by Farrell et al., where those with ATIs had shorter durations of response (28 days) compared to those without ATIs (61 days, P=0.007) and lower response rates (14 % vs. 52 %, p=0.0005) [21] . Vermeire et al. also appreciated shorter treatment duration in their episodic dosing trial, though the difference in duration was not statistically significant [22] . Similar results have not, however, been seen in trials of scheduled dosing,. In a subgroup analysis of the ACCENT I trial, Hanauer and colleagues did not see an association between the presence of ATIs and outcomes [23] . Similarly, Maser et al. did not find this association in their cohort study [24] . The SONIC trial did appreciate improved remission rates at weeks 26 and 50 among those who were ATI inconclusive [1] . As this study used ELISA-based methods to detect antibodies, the authors hypothesize that indeterminate results signified continued circulating infliximab, and that this explained the improved response in this subset of patients. In summary, in initial studies of episodic dosing in CD, there appears to be a reduced duration of response to infliximab with ATIs. With scheduled therapy, however, there are several studies that did not demonstrate this relationship, although the SONIC trial did note improved responses in those with an indeterminate ELISA.
The impact of antibodies to anti-TNFs in UC is less clear. As opposed to the results seen for CD, the ACT trials of scheduled therapy with infliximab for induction in UC appreciated an increased rate of clinical response in those subjects that were ATI-positive or inconclusive, compared to those that were ATI-negative. There was a very high rate of inconclusive ELISA results in this study, however. The authors hypothesized that undetectable infliximab was the reason why patients with negative ATI have a poorer response [25] . The picture was further complicated by the results of a prospective trial of scheduled dosing of infliximab in UC carried out by Seow and colleagues. In this study, there was no significant impact of ATI status on clinical response. They did, however, see improved rates of remission, endoscopic findings, and lower rates of colectomy in those with an ATI-inconclusive result [15] .
The clinical impact of ATAs is also an area of active research. Karmiris and colleagues examined the incidence and impact of ATAs in a cohort of 168 individuals through induction and maintenance therapy [28] . In 130 patients who had serum samples available for assessment, 9.2 % were positive for ATAs. No correlation was appreciated between ATAs and induction or maintenance of remission. However, in a much smaller cross-sectional study of 40 patients with CD treated with ADA in Japan, using an HMSA assay and novel ELISA to detect ATAs, 35 % of patients were found to have these antibodies [9] . Patients with ATAs had significantly higher CDAIs, ESR, and CRP levels compared to those who did not. Studies such as this highlight the need for further prospective research using these newer antibody detection techniques to help delineate this association.
The impact of antibodies to certolizumab (ATCs) was assessed in two clinical trials. In the PRECISE -2 trial, ATCs had no impact on clinical out-comes during the induction phase, and in the maintenance phase there was a non-significant reduction in those who maintained remission through week 26 (71 % versus 62 %), though the overall number of patients who were antibody-positive was low [6] . Based on the sample size, it is possible that this study was not appropriately powered to detect a difference adequately. Similarly, in the WELCOME trial, where approximately 6 % of patients developed ATCs, there was no association between antibody formation and clinical outcomes [29] .
In summary, there appears to be a correlation between drug efficacy and ATIs in the setting of episodic dosing, though the impact of ATIs appears to be negligible when scheduled dosing is used. For ATAs, clinical trials did not appreciate an impact on efficacy, though the more recent application of HMSA assays has suggested there may be a deleterious effect. Lastly, ATCs did not appear to have a significant impact in two clinical trials using conventional ELISAs.
The impact of anti-TNF antibodies on drug safety
ATIs are also thought to be associated with an increased risk of adverse events during infusion. Typical infusion reactions that can occur while receiving infliximab include fever, chills, rigors, nausea and vomiting, dyspnea, and headache. Several studies have noted a relationship between ATI seropositivity and the risk of infusion reactions. Baert et al. detected this association, and this risk was increased with higher ATI concentrations. The relative risk of infusion reaction was 2.4 for those with ATI 98 μg/mL [20] . In a cohort studied by Farrell et al., all seven patients with infusion reactions were ATI positive. Unlike treatment response, this increased risk of infusion reaction was also appreciated with scheduled therapy. In the ACCENT-1 trial, 38 % of patients who were ATI-positive had infusion reactions, compared to 24 % who were ATI-negative. Similar results were noted in a prospective study by Maser and colleagues [23, 24] . A similar relationship has been found in several trials in UC, including the ACT 1 and 2 trials, as well as in the prospective cohort study by Seow and colleagues [15, 25] .
Impact of Anti-TNF drug levels on clinical response
As with any pharmacologic agent, anti-TNF levels fluctuate with dosing, with potential peaks and troughs as the body metabolizes the drug via various means. While the clearance of large monoclonal antibodies is an area of active research, it appears to involve several mechanisms, including endocytosis with proteolytic catabolism in the reticuloendothelial system (RES). This process becomes more efficient when monoclonal antibodies are crosslinked to other host-derived antibodies [30] . Another mechanism of degradation is internalization after the binding of cell wall-bound antigens such as neonatal Fc receptors, which are found on the vascular endothelial cells within the RES. After binding these cell-bound antigens, the antibody is phagocytosed with subsequent lysosomal degradation [30] . These mechanisms are thought to be enhanced by antibodies to anti-TNFs.
As the concentration of monoclonal antibodies in the serum decreases over time, there is less available drug to bind TNF-α, potentially leading to decreased efficacy. The plasma concentrations of anti-TNFs correlate in a linear fashion with the dosage given, though the half-life differs between agents. The median half-life of infliximab is thought to be between 7.7 and 9.5 days, whereas the median half-life of the subcutaneously injectable agents adalimumab and certolizumab is longer, at approximately 2 weeks [8] .
Numerous efforts have been made to quantify the effect of anti-TNF levels on drug efficacy. These attempts have been hampered by aspects of study and assay design. There have been differences in dosing of the three main antiTNFs and in dose scheduling for infliximab in trials, not to mention the potential effects of dose modification and escalation at the individual patient level. Widespread utilization of the ELISA assay has also been problematic; despite ease of use, the inability to adequately measure drug levels in the setting of ATIs has significantly hampered infliximab level measurement, both in clinical trials and in clinical practice. Furthermore, the selection of clinically-oriented, subjective outcomes such as the CDAI in larger clinical trials has also complicated measuring an association due to potential bias introduced by the scoring system itself. Therefore, while many trials have reported data on drug levels, and in particular, infliximab trough levels, this data must be interpreted with caution. Furthermore, the clinical impact of dose and schedule modulation in response to these levels has only recently been assessed, and requires further research for all three of the available agents on the market for IBD.
Several studies have examined the association between infliximab levels and clinical response, both in episodic and scheduled dosing. Baert et al. found that infliximab levels 4 weeks after an infusion that were greater than 12 μg/mL were associated with a median duration of response of 81.5 days compared to 68.5 days in those with levels lower than 12 μg/mL [20] . In addition, concurrent immunosuppression was correlated with higher drug levels. Maser et al. appreciated a similar association, also noting reduced endoscopic scores and lower CRP levels with higher infliximab concentrations [24] . Similar associations have been appreciated in scheduled dosing studies as well. In a randomized, open-label study of immunomodulator discontinuation conducted by Van Assche and colleagues, infliximab levels were again inversely correlated with CDAI and CRP levels. Similarly, in the SONIC trial, 72.8 % (110 of 151) patients receiving infliximab either alone or in combination with azathioprine who had infliximab trough levels 91.0 μg/mL were in remission at week 30, compared to 58.2 % (32 of 55) of those who had lower infliximab levels [1]. Similar results have been appreciated in UC by Seow and colleagues. The remission rate was 69 % in those with detectable serum concentrations of infliximab in this prospective cohort study, compared to a remission rate of 15 % in those who had undetectable levels [15] . Detectable infliximab levels were also associated with increased mucosal healing in a multivariate logistic regression model (OR 7.3, 95 % CI 2.9-18.4), and undetectable levels were associated with increased risk of colectomy (OR 9.3, 95 % CI 2.9-29.9). In an additional subgroup analysis of data from ACT 1 and ACT 2 by Reinisch and colleagues, infliximab levels were higher in those achieving clinical remission, mucosal healing, and clinical response than in those who were not [25, 31] .
Adalimumab levels have also been assessed for correlation with clinical outcomes. A recent post hoc analysis of both the CLASSIC I and CLASSIC II trials of serum adalimumab levels assessed 258 patients who had stored serum samples available. Their regression analysis demonstrated a small but significant correlation between adalimumab levels and clinical remission at week 4, though this relationship was not appreciated at later time points in the study [32] . In a larger trial of 130 patients receiving maintenance therapy with adalimumab who had available serum samples, there was no relationship appreciated between outcomes at 4 weeks and serum trough levels of adalimumab, though levels were significantly lower in those who discontinued adalimumab use (p=0.012) [28] . Drastich examined the impact of adalimumab levels in a subgroup of 48 patients receiving adalimumab, of whom 24 were in both clinical and endoscopic remission. Twenty-one of 24 patients meeting these criteria had adalimumab levels 92 μg/ml. However, in this study, 17 of 24 who did not reach deep remission also had adalimumab levels above this cutpoint (p=N.S.). Therefore, the impact of drug levels in adalimumab appears to be less clear-cut than that seen with infliximab, warranting further research.
As with adalimumab, the impact of certolizumab levels on drug efficacy in CD also remains unclear. In the PRECISE-4 trial, a group of individuals who initially responded to certolizumab, but then lost response by week 26 in the original PreCISE-2 trial were given the opportunity to enroll in an open-label extension with a single extra dose of certolizumab 400 mg subcutaneously. A total of 63 % of patients had a response after receiving this additional dose. However, when examining mean plasma concentrations between those who responded and those who did not, there was no significant difference between groups [33] . In another trial of certolizumab pegol in patients who had become intolerant to or lost response to infliximab, subjects received open-label induction at weeks 0, 2, and 4, with responders then being randomized to two different certolizumab dosing regimens (200 mg every 2 weeks vs. every 4 weeks). No significant difference was observed between these two arms of the trial, and serum concentrations of certolizumab were not correlated with response [29] . However, in a subgroup of patients with active disease after 6 weeks of induction who entered an open-label phase of the trial, there was an association between subsequent remission and the two higher quintiles of certolizumab levels [34] . Further research is needed to assess the impact of certolizumab levels given these conflicting results.
Utilizing anti-TNF drug levels and antibodies in clinical practice
Given the potential correlation between ATIs and infliximab drug levels with clinical response and loss of response, there has been a growing body of literature assessing how measurements of both antibodies and drug levels may impact clinical decision-making. As noted, there is some evidence to suggest that infliximab drug concentrations are correlated with clinical response, and also evidence that there is variation in these concentrations in different individuals [8] . Several algorithms have been presented on how to interpret the information derived from these laboratories. Most authors agree on the following (Fig. 1) : If ATIs are present, one should change to an alternative anti-TNF. However, if ATIs are low or undetectable, serum trough levels are then used-if low, the drug dose should be increased or dosing frequency decreased. If there are adequate drug levels, then one should consider an agent with an alternative mechanism of action [16, 35] . Some also advocate for the use of endoscopy for assessment of disease activity in those who have negative ATIs and a therapeutic IFX level before switching to an alternative agent as well [16] .
Several studies have attempted to assess the impact of such algorithms in clinical practice. A recent retrospective study by Afif and colleagues examined the impact of therapeutic drug monitoring in a cohort of 155 patients with IBD in a retrospective review, looking at the impact of the laboratory data on the treatment decisions and outcomes [36] . Seventy-one percent of patients had had a loss of response or only partial response, prompting ATI and infliximab trough testing. Thirty-five patients were ATI positive; 12 of these patients switched to another anti-TNF, and of these, 11 (92 %) had a response. Six patients underwent dosing escalation, with only one having an improvement in symptoms (17 %, pG0.004). When examining serum infliximab levels, 63 had subtherapeutic levels of infliximab. 25 of 29 (83 %) who then underwent dose escalation had a clinical response. Six patients with sub-therapeutic levels changed to another anti-TNF, with two (33 %) responding (pG0.016). For both ATIs and drug level monitoring, this study provides some of the first evidence supporting the concept of applying this information in an algorithm such as Fig. 1 , with subsequently improved response rates. However, there are some limitations, including the retrospective acquisition of data and the definition of clinical response in this study.
Another retrospective review yielded conflicting results. Pariente and colleagues examined a cohort of 76 individuals with IBD who had ATIs and trough infliximab levels using ELISA and assessed for evidence of dose escalation [37] . In this cohort, 16 of 76 patients (22.4 %) developed detectable ATIs. Ten ATI-positive patients had an intensification of infliximab therapy and six (60 %) demonstrated a clinical response. These are considerably higher response rates than those appreciated by Afif and colleagues. Furthermore, the authors did not appreciate a significant association with trough levels of infliximab and response to dose intensification. However, one should interpret these results cautiously given the relatively small numbers of individuals, particularly regarding ATIs.
A recently published study by Vande Casteele and colleagues assessed the impact of ATIs and trough infliximab levels using both the standard ELISA assay and an HMSA-based assay in 90 patients with IBD [14] . Fifty-three of 90 patients were discovered to be ATI-positive. However, when re-assessing the ATI status of these patients over multiple visits using the HMSA assay, 15 of these patients were noted to have transient antibodies. Of particular interest were the therapeutic implications of transient ATIs compared to sustained ATIs when dose escalation was attempted. In those with sustained ATIs, 25 of 38 underwent dose escalation, with only 4/25 (16 %) having a response. However, in those with transient ATIs, 69 % had a clinical response (p=0.0028). The authors also appreciated that successful dose modification was associated with an increase in trough levels of infliximab. Therefore, in this study, the commonly suggested algorithm was supported. In addition, a unique population with transient ATIs was identified, in part due to the use of a novel new HMSA assay. Further study is needed, however, before widespread application of such new techniques can be recommended.
In addition to these retrospective studies, there is now also some prospective data assessing therapeutic drug monitoring. Vande Casteele and colleagues recently published an abstract examining the impact of prospective, long-term follow-up and therapeutic drug level monitoring. In this study, 123 patients with either UC or CD were randomized to dose intensification based on clinical response, and an additional 128 patients were randomized to dose modification based on drug levels, with one year of follow-up. Ultimately, 69 % of those in the clinically-managed arm and 72 % of those in the drug level-based arm were in clinical remission at 1 year (P=0.7). However, a significantly higher proportion of individuals fell within the predetermined, ideal therapeutic range in the arm managed by levels (78 % vs 56 %, pG0.001). ATIs were more common in the clinically-managed group, but overall rates were very low in this study [38, 39] .
There are also data supporting therapeutic drug monitoring as being more cost-effective. Steenholdt and colleagues performed a randomized, controlled trial of 69 individuals with secondary failure of infliximab. Of these, 36 patients underwent blind dose escalation of infliximab, and 33 were managed by ATI and infliximab levels. Response rates were similar between the two groups at 12 weeks, though costs were reduced in the ATI and trough level-guided therapy (pG0.001). As with the previously noted retrospective studies, the overall population size was relatively small. It is intriguing that even if there is not a significant clinical benefit, there may still be a subsequent economic benefit of guiding therapy by ATI and drug level status [40] .
Conclusions
In summary, anti-TNF agents have had a significant impact in the treatment of IBD. However, a significant number of patients lose response to these medications over time. There is growing evidence that suggests that anti-TNF Figure 1 . Algorithm for utilizing antibody to infliximab and infliximab drug levels in clinical practice.
antibodies and anti-TNF drug levels may play a significant role in such clinical changes for a subset of patients; ATIs appear to be associated with shorter response duration and loss of response, particularly in non-scheduled dosing. Antibodies to infliximab are also associated with an increased risk of transfusion reaction. Finally, lower drug levels appear to be associated with a lack of response, particularly with infliximab. There is currently limited research on the impact of using this data to guide changes in therapy, though two retrospective studies and one prospective study appear to support the use of these tests in patients who have lost response before making changes to therapy. Lastly, there are some limitations with the assays used in prior studies, and the advent of newer assays may allow for the detection of new phenomena such as transient antibody formation. Given these factors, the utilization of antidrug antibody levels and anti-TNF serum trough levels is expanding.
